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Each pair of adult human lungs contains ϳ44,000 terminal bronchioles, which are the last purely conducting airways present in the lung. Each of these terminal bronchioles supplies a structural unit of the lung anatomy termed an acinus, which consists of transitional airways where alveoli first appear, respiratory bronchioles that contain a mixture of conducting airway and alveolar openings, and alveolar ducts, where the luminal surface is entirely taken up by alveolar openings and blind-ending alveolar sacs. Investigators have used a variety of techniques that include lung casts (13) and histological sections (1) to count the number of alveoli within the normal human lung. The most recent study of alveolar numbers by Ochs et al. (21) used an unbiased stereological approach to arrive at an average of 480 million alveoli within a pair of adult human lungs.
Although these studies provide a global assessment of the number of alveoli within a human lung, regional variation in number has not been well studied. This is relevant because regional ventilation is dependent on the pleural pressure gradient and lung height. This study addresses this question by examining alveolar numbers throughout the lung. This report provides structural information derived from images of lung tissue taken using microcomputed tomography (microCT) that provide a volumetric image of the tissue sample, allowing for all individual alveoli to be counted without bias. The localization of these samples within the lung allows for regional variation of alveolar numbers to be measured.
METHODS AND MATERIALS
Subject demographics. Donor lungs were collected from the Gift of Life program (Philadelphia, PA) with written informed consent obtained from the next of kin. These lungs were found not to have a suitable recipient in time for transplant and were, therefore, donated for research with ethical committee approval. The donor lungs used in this study consisted of two lungs from nonsmoking subjects and two from subjects with a history of smoking. Donor age, sex, height, weight, and smoking history are shown in Table 1 .
Lung tissue processing. Lungs were reinflated using a compressed air source and an underwater seal to first inflate them to total lung capacity (TLC); they were then maintained at 10 cmH2O on the deflation limb of the pressure volume curve and then frozen solid by surrounding the lung in liquid nitrogen vapor. Frozen lungs were then sent to St. Paul's Hospital in Vancouver, BC, Canada, where they were scanned while frozen using a multidetector CT scanner (Sensation 16; Siemens Medical Solutions, Germany) using a volumetric scanning protocol of 120 kVp and 100 mA. Contiguous images were reconstructed using slice thickness of 1 mm and a B60f (high spatial frequency) reconstruction kernel. Lung volume was calculated by summing the multidetector CT (MDCT) voxels that were lung. Lung mass was calculated by measuring the lung density calculated from the X-ray attenuation values of the lung in Hounsfield units and multiplying it by the lung volume. Following the CT scan, the lungs were cut into contiguous 2-cm-thick slices in the transverse plane. Frozen core samples were collected throughout the lung using a 14-mm-diameter cork borer. The location of samples taken was noted on photographs of slices before and after sampling with these locations marked on the MDCT scan.
MicroCT sample processing. Frozen core samples were processed for microCT imaging by first fixing the samples in a combination of 1% glutaraldehyde in acetone at Ϫ80°C for 2 h followed by 2 h at Ϫ20°C, and then overnight at 4°C. Samples were then washed with acetone followed by contrast staining of the sample using 1% osmium tetroxide in acetone for 1 h. This was followed by three washes with acetone and several washes with anhydrous ethanol. Samples were then dried using the critical point of liquid CO 2 (Automegasamdri-915B Series B Critical-Point Dryer; Tousimis, Rockville, MD). Dried specimens were scanned using a GE eXplore Locus SP microCT scanner (GE Healthcare, Waukesha, WI) at the University of Pennsylvania. The following scanning protocol provided 16.24-m isotropic voxel resolution and 460-1,000 contiguous microCT images per lung tissue sample: peak X-ray tube voltage 80 kVp, current 80 A, 3 s exposure time, 500 views at 0.4°increments (short scan), 1ϫ1 pixel binning, and an average of four scans. Following microCT scanning, select samples were embedded in plastic resin (JB4; Polysciences, Warrington, PA) for tissue sectioning.
MicroCT image analysis. Five lung cores from each of the four donors were randomly selected from lung apex to base for analysis. A random-number generator was also used to determine the starting slice number of the microCT image stack for placement of the region of interest to measure the number of alveoli. A 4ϫ4 grid was placed on the image and a random-number generator was used to select a counting frame within lung parenchyma (i.e., reference volume) free from blood vessels or airways to be measured. Measurements were made on 10 consecutive 16.24-m-thick images using a field of view of 0.1 cm 2 ; this equals a sampling volume of 1.624 mm 3 . The alveolar openings were visually identified on the basis of anatomical formation of pockets within the three-dimensional volume examined (Fig. 1) . In other words, the disappearance of a bridge between the free edges of septal walls within the counting frame was counted (15, 21) , representing a unidirectional disector. These openings were counted and divided by the disector volume of tissue examined to determine the number of alveoli per cubic millimeter of lung. An average of four fields evenly distributed throughout the core was used to calculate the number of alveoli per cubic millimeter in each core. To calculate the total number of alveoli per lung, the volume fraction of parenchymal tissues vs. blood vessels and airways was also measured by point counting. The volume fraction of alveolar ducts was also measured by a point-counting method from three fields per core in the apex and base cores for each lung.
The number of alveoli per terminal bronchiole was calculated by dividing the total number of alveoli in the lung by the total number of terminal bronchioles in the lung as calculated from a previous study (19) . Acinus volume was estimated by dividing the number of alveoli per terminal bronchiole by the number of alveoli per cubic millimeter of lung parenchyma to equal a cubic millimeter per terminal bronchiole. The mean linear intercept (Lm) has a direct linear relationship with airspace size of the alveoli and alveolar ducts (5, 24) and was measured from images captured at 20 regularly spaced intervals within the microCT scans of each sample using a previously validated grid of test lines projected onto the image and a custom macro (ImagePro Plus; MediaCybernetics, Silver Spring, MD).
To compare alveolar density using microCT measurements and histological measurements, tissue embedded in JB4 from one subject (donor 3) was sectioned at a thickness of 3 m for alveolar counting using disector look-up sections with a disector height of 9 m and a counting frame area of 281,073 m 2 (21 Fig. 1 . A microcomputed tomographic image of normal human lung parenchyma in an upper lung (A) and lower lung (B) region with several alveolar openings indicated by arrows. Alveoli were counted at the point at which they opened in the series of 10 images that were examined.
(apex) lungs was compared with samples from the lower (base) lungs by a Student's t-test. All numbers are expressed as means Ϯ SE.
RESULTS
Total lung volume, lung mass, and number of alveoli measured per lung, terminal bronchioles per lung, and alveoli per terminal bronchiole are shown in Table 2 . The percentage of parenchymal lung tissue vs. blood vessels and airways for calculating total number of alveoli within the lungs was measured to be 89 Ϯ 2%.
Ranking lung samples from the apex to base of the lung shows a significant correlation between lung height and alveolar density, with a greater number of alveoli per cubic millimeter of lung present in the upper regions compared with lower regions. Correlation of alveolar number to lung height is equal to y ϭ Ϫ2.5015x ϩ 34.983 (R ϭ 0.567, P ϭ 0.0091), where y equals number of alveoli and x is lung height (range, 1-5; 1 ϭ lung apex, 5 ϭ lung base). In the lung apex, alveolar density is 31.6 Ϯ 3.4 alveoli per mm 3 , in the lung base alveolar density is 21.2 Ϯ 1.6 alveoli per mm 3 ( Fig. 2A) . A comparison of samples from lung apex to lung base shows a significant difference (P Ͻ 0.05). Despite an alveolar density gradient that occurs through the lung, there was no change in airspace size at TLC from apex to base when compared using the Lm values for lung height (Fig. 2B) . The volume fraction of alveolar ducts in the parenchymal lung tissue was increased in the lung base compared with the lung apex (29 Ϯ 6% vs. 15 Ϯ 6%, P Ͻ 0.05).
Alveolear density was found to be approximately twice as great in JB4 sections (53 alveoli/mm 3 in the lung apex and 48 alveoli/mm 3 in the lung base) compared with that using microCT (26 alveoli/mm 3 and 22 alveoli/mm 3 , respectively) on the same tissue blocks from this subject.
DISCUSSION
The number of alveoli within the human lung has been the focus of study by multiple groups over the past several decades. Weibel and Gomez (31) published one of the earliest reports of lung structure, and in five subjects (3 men, 2 women, age range 8 -74 yr) reported 296 Ϯ 11 million alveoli within a single lung. Subsequent studies have used similar techniques and found variations in the number of alveoli. Dunnill (4) reported 286 million alveoli in a single lung of a 55-yr-old woman; Angus and Thurlbeck (1) examined 42 lungs from 32 subjects (age range 19 -85 yr) and reported 375 Ϯ 18 million alveoli per lung (range, 212-605 million). These classic studies counted alveoli on two-dimensional histological sections and used a mathematical model that made assumptions about the shape of the alveoli to determine the final number. These assumptions have since been shown to underestimate the number of ducts within the tissue sections (12) .
More recently, a stereological approach was developed to allow the counting of discrete structures within tissue samples without prior assumptions on their shape and size (27) . This approach uses two histological sections with a certain distance and a counting frame to define a volume of parenchyma (disector volume) with the number of alveolar openings within this volume counted. Using this new method on six adult human lungs (2 men, 4 women, aged 18 -41 yr), Ochs et al. (21) reported 240 Ϯ 36 million alveoli per single lung (range, 137-395 million). Accurately counting the number of alveoli according to their openings requires that each alveolus does not close completely. This appears to be the case in the lung, because even at very low lung pressures, alveolar openings remain (20) . However, further studies may be required to determine the validity of this assumption.
The present study used microCT images to count the number of alveoli within the lungs of four male subjects age 43-62 yr, and showed an average number of 80 Ϯ 10 million alveoli per lung (range, 68 -111 million) or 160 million per pair of lungs, which is less than what has been reported in previous studies. Several factors may explain the smaller number of alveoli reported in this study. One is that our study used microCT images with a voxel resolution of 16.24 m, whereas previous studies used histological sections. The higher resolution of histology may allow smaller and less obvious alveoli to be counted. Also, a reduction in the number of alveoli has been suggested to occur in humans, as was shown in a study that found increased mean linear intercept with age (29) . This may be why fewer alveoli were counted in the subjects in the present study; they were older, with an average age of 53.8 yr compared with 28.5 yr in the study by Ochs et al. (21) . Measurements of alveolar density in JB4 tissue blocks from one subject showed that both of these factors had an effect on alveolar density. In that subject (donor 3), alveolar density was found to be twice as dense on tissue sections than it was when microCT was used. In addition, alveolar density was much lower in the subjects in the present study compared with those in the study by Ochs et al. (21) , suggesting that age-related effects on alveolar density do indeed occur (Fig. 3) .
Despite fewer alveoli being counted in these lungs, acinar volumes were similar to those reported previously. Acinar volume was calculated by dividing the total number of alveoli per terminal bronchiole by the number of alveoli per volume to (Table 2 ) was within the range of values reported previously. Fig. 2 . A: the number of alveoli per cubic millimeter of lung was averaged from four fields of view from each core with five cores of lung tissue per lung arranged from apex to base from four normal human lungs. No difference in alveolar density was found between the lungs from two donors with a history of smoking (donors 1 and 2) and two donors who did not smoke (donors 3 and  4) . These data show a marked reduction in the number of alveoli per cubic millimeter in the base of the lung compared with the apex, and this trend was observed in all four lungs examined. B: the mean linear intercept (Lm) was measured from the apex to the base of four normal human lungs to obtain an average airspace size. There was no difference in Lm measurements from the apex to the base of these lungs. Fig. 3 . Comparison of alveolar structure in a young subject [age 28 yr, from the study by Ochs et al. (21)] (A) and from an older subject in the present study (donor 3, age 59 yr) (B). Greater alveolar density can be observed in the younger subject, which may account for differences in alveolar counts between studies. Both images were captured at the same magnification (ϫ5).
In addition to human studies, acinar structure has also been quantified in several animal models. Rodriguez et al. (25) examined both rat and rabbit acini and found an average size of 1.86 and 3.46 mm 3 , respectively. More recently, using microCT techniques, studies have examined the lungs of mouse and rat models. In the C57BL/6 mouse model, Vasilescu et (Fig. 4) . Further studies measuring acinar size in other animal species will be required to determine whether this relationship remains true.
Variation in lung physiology (i.e., blood flow and ventilation) is known to correlate with lung height. This is thought to be due to the effects of gravity on the lung, which create a pleural pressure gradient from the lung apex to the base (3). However, at least one study (8) has suggested that regional heterogeneity is not entirely dependent on gravity. Despite the fact that the pleural pressure gradient is well described, few studies have attempted to measure regional variation in lung anatomical structures. One study (6) examined regional differences in the structure of dog lungs and found a small increase in the alveolar surface density in the dorsal vs. ventral regions of these lungs. Another study (7) measured alveolar size in upright dog lungs and noted an increase in alveolar size in the lung apex compared with the base. Because dogs are naturally in the horizontal position, the normal orientation for the lung is from dorsal to ventral position as opposed to humans, who are upright, and in whom the lung is oriented from apex to base.
Studies of frozen dogs have shown that due to the pleural pressure gradient, the lung at functional residual capacity (FRC) is equal to 80 -90% TLC in the upper lung regions and only 30 -40% TLC in the lower lung regions (14) . In humans, it has been shown that at FRC, regional lung volume at the apex is 65% of TLC and 45% of TLC at the base (28) . At TLC, alveoli are a consistent size throughout the lung (7) with the decrease in lung volume from TLC to FRC being due to a decrease in the alveolar size, which results in an increase in alveolar density (i.e., the same number of alveoli within a smaller lung volume). As such, we can estimate the regional alveolar density at FRC by dividing the calculated alveolar density at TLC by the percent of FRC lung volume over TLC lung volume. This calculation provides values of 48.6 Ϯ 10.3 alveoli per mm 3 in the upper lung compared with 47.1 Ϯ 7.1 alveoli per mm 3 in the lower lung. Interestingly, on the basis of these equations, in a normally breathing person with upright lungs at FRC, alveolar density appears to be equal between the upper and lower lung regions.
Increased alveolar density is associated with a decrease in the volume fraction of alveolar ducts in the parenchymal tissues. Because mean linear intercept is a measure of airspace size that includes measurements of both alveolar and ductal airspace, the combination of increased alveolar duct and fewer alveoli is likely why no change in Lm was noted between the upper and lower lung. How the alveoli are arranged around the alveolar ducts and how the ducts branch within different regions of the lung can change the numerical density of alveoli without a concomitant change in the tissue density of the lung. Theoretically, the arrangement of alveoli around the alveolar ducts would also affect lung tissue mechanics. Whereas animal studies have shown a difference in pressure-volume curves in upper vs. lower lobes of monkey lungs (22) , this difference was not found in humans (26) .
The major limitation of this study is the small sample size of only four subjects. However, small sample sizes are found in most studies that have examined alveolar number or acinus size. Acinar size was not directly measured in this study; rather, it was only estimated using total number of alveoli and total number of terminal bronchioles in the lung. In addition, this study did not examine the branching structure of the alveolar ducts within the acinus, which may explain the regional variability in alveolar numbers.
This regional variation may also account for why certain diseases that involve the parenchyma may affect either the upper or lower lung regions. For example, in centrilobular emphysema, destruction of the parenchymal tissues tends to favor the upper lung regions. Also, it is hypothesized that idiopathic pulmonary fibrosis is due to a collapse of the alveoli onto the ducts and to occur primarily in the base of the lung (18) . In summary, the novel finding of the present study is that regional variation of alveolar density is correlated with lung height, with greater alveolar density found in the lung apex compared with the lung base in fully inflated excised human lungs.
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